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Abstract
The global rising demand for civil air travel shows good prospects for the industry, however, this growth
is inevitably matched with higher levels of emissions and fuel consumption. In this study, demineralised
water injection is presented as an alternative to reduce NOx emissions and enhance engine performance.
The experimental study firstly presents the droplet size characterisation of a spray nozzle. This is done for
varied injection pressure, water temperature and at varied axial and radial locations using an impaction
pin nozzle. The single-shaft Artouste engine is used in conducting the compressor water injection test with
water-to-air ratios of 0.5, 1 and 2%. The water droplet diameter, engine gas path and exhaust emissions
are all monitored in real time. For the engine tests, droplets are measured at the spraying point and
correlations are used to account for the droplet size at the inlet of the compressor due to measurement
difficulties in this region. The test showed a reduction in compressor discharge temperature by up to 34 K
and a NOx decrease by 25%. Nevertheless, the higher reductions in NOx at higher water-to-air ratios are
attributed to a predominant cooling in the combustor because of unevaporated water in the compressor.
At 0.5% water-to-air ratio, the drop in NOx is mainly due to compressor cooling and signified by the only
case in which the fuel-to-air ratio reduces. The study presents evidence of the combined effects of
compressor and combustor water ingestion. The CO is seen to increase significantly and associated with
reduced combustor efficiency.
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1- Introduction
There are more aircraft flying today than ever before and civil air transportation is still expected to double
within the next 14 years [1]. The promise of more accessible air travel has come with increasing concern
about the effects of jet-engine pollutants at ground level and during flight. The increase in aircraft fleet
has led to aviation-borne Nitrogen Oxide (NOx) emissions doubling between 1990 and 2014, while Carbon
Dioxide (CO2) emissions increased by 80% [2]. Currently, only ground-level emissions (considered below
3,000 ft.) are regulated, by limiting the maximum levels of pollutants that aircraft produce during take-
off, climb, approach and idle. The regulated emissions are NOx, Carbon Monoxide (CO), and unburned
hydrocarbons (UBH) that are controlled through the International Civil Aviation Organization (ICAO).
Airports have also attempted to mitigate this problem by charging airliner operators an environmental fee,
based on the mass of pollutants that aircraft engines produce. In the pursuit of meeting these regulations,
engine manufacturers and operators have implemented programs to reduce exhaust emissions and fuel
burn. The most common approaches for ground-level fuel reductions are limiting the on-time of the
engines. These are: by deploying single engine taxing, towing vehicle- taxing, queue management or by
limiting the use of the Auxiliary Power Unit (APU) [3–5]. Nitrogen Oxide emissions formed in the
combustion chamber at high temperatures are especially relevant during take-off when the turbine inlet
temperature (TIT) peaks. These emissions are harder to control as they depend on the engine pressure ratio
and temperature (which has been rising to attain superior fuel efficiency) and on the residence time of the
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gas in the primary combustion zone. For this reason, research has been conducted in redesigning the
combustion chamber to cool down the operation, burn the fuel-air mixture in a lean way, or modify the
gas residence time [6]. Fuel efficiency and emissions reductions have also been achieved through the
improvements in the design or modification of other main engine components like the compressor and
turbine. Significant advancements have been achieved in this area by deploying multiple spools,
employing variable stators, implementing better blade profiles and advanced cooling, all of which have
resulted in reaching peak component efficiency and on expanding the range of safe operations. Despite
this, the maximum thermal efficiency of the cycle is about 41% and one of the major sources of entropy
generation according to Grönstedt et al. [7] is the core exhaust loss. The loss is associated with the thermal
energy lost to the surroundings and in the exhaust flow of the engine. In stationary gas turbines, this heat
can be recovered through steam generation to drive a steam turbine to achieve up to 60% plant efficiency.
A promising alternative that could tackle both (emissions and core exhaust losses) when constrained to
just the engine as in the case of jet engines is through intercooling the compressor. This will reduce the
cycle temperature (and thus wasted heat energy at the exit) for the same thrust settings, allowing for similar
or greater compressor exit pressures accompanied by lower exit temperatures throughout the engine and
the exhaust. The focus of this study is on injecting atomized water into the compressor of the gas turbine
to reduce NOx emissions and improve the performance of the engine. The small size of the engine used,
and hence operating temperatures and pressures have brought about an added opportunity to also examine
the effects of combustor water injection that is known to be more promising at reducing NOx emissions.
Compressor water injection: Previous analysis based on analytical or numerical methods predict that the
core air mass flow can be cooled by 12% [8,9] and as a consequence reduce NOx emissions by up to 50%
[9–12]. To the knowledge of the authors, only a few experimental studies have been performed in this
area. Utamura et al. [13,14] show the promise in reducing the compressor exit temperature and specific
compressor work. The study predicts up to 10% increase in power output with only 1% water-to-air ratio.
The study is compared to analytical predictions. Jolly [15] presents very similar figures as the previous
study and reports changes in temperature (-7.4%) and pressure (+3.2%) of a 35 MW industrial installation
under inlet fogging conditions (1% of the air flow). These engine-based studies show the performance
changes due to compressor water injection but do not include droplet size distribution analysis and the
corresponding exhaust emissions. Other experimental studies involve the work of Roumeliotis and
Mathioudakis [16] for a single stage compressor which highlights the aerodynamic implications of water
injection. The study shows an increase in the amount of compressor power consumed for the same throttle
position. No significant changes in the flow pattern, stall margin or pressure rise were observed for up to
2% water-to-air ratio investigated. The study focuses on the stand-alone compressor component and does
not provide details about the droplet size distribution. Schnitzler et al. [17] extended the problem to a
multistage stand-alone compressor. The work includes droplet measurements and concludes that injecting
water into the compressor can improve the efficiency of the turbo component. A recent experimental study
also on a stand-alone multi-stage compressor was also presented by Munari et al [18]. The study examines
an axial-centrifugal compressor operating under steady state, surge and rotating stall conditions. The
investigation concludes that water injection has no considerable negative effect on the surge margin under
the conditions examined.
Combustor water injection: Bahr and Lyon [19] experimentally investigated the implications of water
injection into LM2500 and LM5000 land-based gas turbine combustors. The study shows that injecting
water directly in the combustor can reduce NOx emissions by up to 90%. The engine with the lowest
compression ratio (LM2500) was penalized with a sharp increase in CO emissions due to a reduction in
combustion efficiency. Although combustion water injection has a great promise in reducing NOx
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emissions, it does not provide the advantage of reduced compressor work and is often associated with an
increase in Specific Fuel Consumption (SFC) [13]. Walsh and Fletcher [20] indicate that a water-to-fuel
ratio of 1 could increase the SFC of an engine by 6-8% while producing a three-fold increase in CO
emissions. Shahpouri and Houshfar [21] present a numerical model of a conventional combustor operating
with humid air (only water vapour) and water injection. The study also noticed a rise in CO with direct
water injection, but a decrease with humid air. In both cases, the NOx emissions were reduced, though this
reduction was more significant with direct water injection. The developments of Dry Low Emission
combustors that deploys lean premixed combustion has brought about a significant reduction in NOx
emissions for power generation applications. However, for jet engines, diffusion combustors produce
higher levels of NOx but generally more stable and efficient combustion at wider operating envelopes.
Daggett [11,22] reports the last application of wet combustion for the early 747-100 and 747-200 using a
Pratt & Whitney JT9D-3AW and 7AW series engines. Problems related to the poor temperature
distribution in the high-pressure turbine and hotspots are indicated by the author. The study also indicates
that this problem was resolved in the industrial application. The referred study also provides evidence of
the impact of combustor water injection at different water-to-fuel ratios, through simulations. At 0.5 ratio
for constant thrust operation, there is a 50% reduction in NOx emission, 80 K drop in TIT and about 2%
increase in SFC. Wilkes [23] shows the case of increased power (3.3% rise) at the same water-to-fuel
ratios. The NOx reduction is shown to be about 50% and around 1.5% decrease in thermal efficiency (that
is an increase in SFC). Blazowaki [24] shows that for the same water-to-air ratio, the combustor water
injection is more promising for NOx reduction, thereby inferring relatively less water required for the same
decrease. Despite the advantages, as would be observed in the present study, the negative effects on
increased fuel burn, CO/ hydrocarbon emissions, and sooth is still to be addressed.
Droplet Characterisation: Extensive experimental work on the science of water misting or water injection
has been conducted by Chaker et al. [25–28]. Most of the published work is based on droplet dynamics
and the methodology for measuring fogging sprays. These studies do not include engine performance
analysis and are entirely based on inlet fogging for industrial gas turbines. Droplet measurements were
performed using fogging nozzles with a diffraction laser tracking the spray plume axially and
transversally, and this approach forms the basis of the present work. Savic et al. [29] studied nozzle sprays
for different flow velocities and considering different nozzle orientation (in line with the flow, cross flow
and opposite to the flow direction). The investigation provides valuable information about nozzle and
droplet interaction. The influence of ambient conditions (temperature and relative humidity) as well as
water temperature, measuring position and injection pressure on droplet size was also studied and
presented by Chaker et al. [26]. The study concludes that the environmental conditions have a minor
effect compared to the injecting properties (when studying droplet decay and temperature reductions of
the surrounding air).
The present investigation corroborates some of the results obtained in Refs. [25,28,29] for single impaction
pin nozzle, and subsequently applies the fogging nozzles to the inlet of a gas turbine. This nozzle type was
chosen over other types of nozzles (flat spray and hollow cone) as they are characterised by smaller droplet
sizes without compromising the water flow delivery, as noted by Ref. [25]. A parametric analysis is
presented considering varying injection pressures, identical nozzles and varied distances from the nozzle
exit: axially and radially. The droplets were measured by means of laser diffraction, using a Malvern
Spraytec laser equipment. For the engine test, the nozzle manifold was installed in front of the engine
bellmouth. Due to the difficulty in measuring the droplet size at the entrance of the compressor, empirical
correlations from Ref. [30] were used to account for the droplet size between the measuring station and





the engine with the performance and emissions changes during water injection. Though the water injection
takes place in the compressor section, the study brings together the combined effects of evaporation in the
compressor and combustor, as a result of incomplete vaporisation of the former. This is directly due to the
small size of the engine that is associated with lower operating temperatures and pressures. The
achievement of this study, therefore, is to provide evidence for the implications of injecting water into a
gas turbine, with the combined water effects from both components, in an area dominated by analytical
and numerical studies which do not often capture some of the practicalities of deploying this technology.
The change in gas path performance (temperatures, pressures and flows), as well as the exhaust emissions
and the water droplet size, are monitored in this study by means of experimental tests performed on a
single-spool engine.
2- Methods: Droplet Measurement in still air
2.1 Experimental set-up
A nozzle spray consists of a distribution of particles or droplets of different sizes. The interaction between
the droplets (break-up, coalesce, bounce) makes it impossible to produce a homogenous droplet size
composition. For this reason, when measuring a spraying plume at a given location, a number that
represents the droplet size distribution is used rather than the actual particle size (explained subsequently).
In this study, the instrument used to measure the droplets size is light diffraction Helium-Neon Laser
(wavelength: 632.9 nm, power <5mw) capable of measuring particles from 0.1 to 2000µm. The laser emits
a 10 mm diameter beam, which is scattered by the particles. This scattered light is collected into an array
of detectors located on the receiver lens as depicted in Figure 1. The angle of the light diffraction is
inversely proportional to the droplet size. As such, the laser equipment measures the angle at which the
light is diffracted and not the droplet size directly. This instrument subsequently applies Fraunhofer
approximation and Mie theory to translate the scattering pattern into particle size distributions, on the basis
that each droplet will distribute the light at a specific angle depending on its size [31].
Figure 1 Laser scattering mechanism [31]
The presented method is well established for measuring droplet sprays and it has been previously applied
in Refs. [25,27,29]. It also complies with the ASME standard for spray measurement [32] and according
to the manufacturer, has a repeatability in measurement and an accuracy better than +/- 1% [31]. The
numbers used to represent the sprays are the Sauter Mean Diameter (SMD) also referred to as D32, and the
DvXX, where XX can take the value of 10, 50 or 90. The Dv90, for example, means that 90% of the volume
of the spray is distributed in droplets of the specified diameter or smaller. The SMD, on the other hand, is
a diameter that has the same volume-to-surface-area ratio as the average volume-to-surface-area ratio of
all the droplets in the spray. This diameter is of high relevance for evaporative cooling applications
because it expresses how much surface area of water is exposed to the air. The SMD values tend to be





5: Detectors on Receiver
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the SMD refers to a representative diameter. Further details of the other diameters used to characterize the
size distribution of a spray can be found in Ref.[33]. For this analysis, the spray was characterized by the
Dv90 and SMD parameters. These values are a time-average of each measurement at each position and at
the specified operating pressure. The time considered for each measurement was about 2 minutes and the
droplet size is based on the following parameters:
- Operating Pressure (69 and138 bar)
- Nozzle (multiple identical impaction nozzles were tested)
- Water Temperature (288- 323K)
- Water type (demineralized and tap water)
- Axial positions from the nozzle tip (50 – 250 mm)
- Radial positions for a given axial location from the nozzle tip
The 138 bar operating pressure produces smaller droplet size distribution as seen subsequently and hence
implemented in the engine analysis. The experimental setup for the droplet study consists of 4 units as
indicated in Figure 2. In the figure, number 1 is the water injection skid consisting of a tank, a water
pump, an electric motor and a pressure control valve. Number 2 refers to the impaction pin nozzle also
shown in Fig. 3. The laser unit used to monitor the droplet diameter is labelled as 3. Droplet size
measurements were taken at different positions along and across the plume. For these positions to be
consistent, a 3-directional Parker-Hannifin® daedal positioning mounting was used. This mechanism
labelled in Figure 2as 4, has a readability of 0.1 mm and a straight-line accuracy of 0.01%.
Figure 2 Experimental set-up for single nozzle testing
Figure 3 Impaction pin nozzle
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2.2- Uncertainty
Controlling the nozzle orientation proved challenging because the thread on the nozzle and that on the
pressure fitting did not always align to give the same nozzle orientation, and the pressure fitting could not
be rotated. Impaction pin nozzles do not produce a symmetrical spray, however, Chaker [34] evaluates the
effect of this asymmetry at different pressures and flow rates and concludes that at high pressures, the
droplet distribution is independent of the nozzle orientation. The current test set-up, did not allow for this
to be confirmed, as there was no way of rotating the nozzle. For multi-point measurements, the nozzle was
moved up and down with respect to the laser, so that the plume measurements could be taken at the “top”,
“bottom” and “centre” of the spray. When the nozzles were replaced, these measuring positions were
repeated and controlled to an accuracy of ±0.1 mm. Despite this, the fog produced by the spraying nozzle
slightly varied in shape. Some nozzles produced a plume with a slightly wider spray angle. Hence, the
relative position between the laser and the “top” or “bottom” of the spray was not always the same. The
thermocouples and pressure transducers used have an accuracy of 0.75% and 0.5% respectively, and that
of the water flow meter is 2%. The temperature of the water and the air was constantly monitored to ensure
that the difference between them stays within an acceptable range (<10°C). The temperature and humidity
effects were studied by Chaker et al. [26] and concludes that the ambient conditions have minimal effect
on droplet size decay and that this is rather dominated by the coalescence and break-up of the water
droplets. The ambient temperatures at which the tests were conducted in the present study were in the
range of 16- 19 °C.
2.3- Considerations for Single Nozzle Testing
The tests in the first part were conducted for single nozzles spraying water into the still air. Since the
intention is to subsequently use the nozzles in a manifold for the engine test, 8 identical nozzles were
tested individually to quantify the similarity between them to characterize the spraying fog. The initial
measurement position was taken at centreline and traversed in 50 mm intervals, going from 50 mm away
from the nozzle up to 700 mm. No significant change in droplet diameter was observed beyond 150 mm
from the nozzle. This is in agreement with Chaker et al.[26,30]. In both studies, the droplet size was
reported to stabilize after 100 mm. The standard for inlet fogging [32] recommends the readings to be
taken at 75 mm away from the nozzle. However, the droplet size distribution was seen to increase beyond
75 mm; stabilization of the measurements was only observed at 100 mm and beyond. For this reason, the
initial measurements were taken as close as possible from the nozzle (50 mm) similar to Ref.[35]. The
measuring distance was then increased to 150 mm and 250 mm. The vertical distribution of the plume was
also varied, considering 2 other radial positions other than the centre position: + 20 and - 20 mm at the
point closest to the nozzle. This distance was increased as the measuring position moved away from the
nozzle tip, to follow the conical shape of the fogging plume. This is applicable for all the axial positions
and controlled for an accuracy of 0.1 mm. Since commonly used injection pressures in industrial systems
are between 69 and 138 bar, only this range is considered here.
Water injection causes an increase in the humidity of the surrounding air that subsequently has a higher
index of refraction than dry air. This causes extra light diffraction, which leads to the receiver reading high
light incidence angles. The consequence of this is a larger estimation of droplet sizes than they actually
are. This phenomenon is known as beam steering [31] and the ASME standard for water spray
measurement [32] recommends restricting the droplet diameter range to 200 µm, to reduce the influence
of this effect. However, the laser manufacturer recommendation is to identify the detectors in the receiver
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that are affected by beam steering and turn them off. The light scattering pattern will change as a result of
this. However, the processing software is embedded with an algorithm that corrects for the missing
detectors; the exact details of this correction are not provided by the manufacturer. Both approaches were
tested to evaluate the influence on the results, as presented subsequently. For both approaches, a
background reading of the media (air) and ambient light is taken prior to the start of the spraying and
droplet measuring.
Figure 4 Droplet distribution across the plume at 138 bar
Figure 4 depicts the measurements taken at the 9 locations in the x (50, 150, 250 mm) and y coordinates,
for one of the nozzles tested at 138 bar. The figure shows a general increase in the droplet diameter with
an increase in axial distances away from the nozzle exit. Although the size diameters are similar between
the axial locations, the figure shows the importance of measuring at different points across the plume.
Some studies have identified smaller droplets at the “centre” of the plume, and larger droplets at the edges
[35]. This is not the case observed in this study due to the presence of the spray cone edges as shown in
Figure 4. The first set of readings from the left (Figure 4), taken at 50 mm away from the nozzle shows
a Dv90 of 37.02µm at the centre, but 32.21µm and 30.06µm at the top and bottom of the spray (in black
ink). When measuring the conical-shaped spray at any “y” position, the laser travels through the edges
and centre of the plume, penetrating the cloud across the “z” direction as illustrated in Fig. 5. This means
that the readings taken will account for the edges and the “core” of the conical spray. To mitigate this
effect and account for a more indicative reading at the core or centre of the spray, a separate set of
measurements was taken by “shading” the edges of the spray, using an obstruction as shown in Figure 5.
For a given (x, y) position of (50, 0) mm, the droplet diameters (Dv90) measured at the core of the plume
were about 45% smaller than those seen when the measurements were conducted without the obstruction
of the spray cone. This observation served to explain the findings of smaller droplets at the core of the
plume, obtained in other studies. Nevertheless, in the present study, these “core” readings were not used
for further analysis, as the measurement taken with full cone penetration provide a more indicative sizing
of the droplet diameter in this region.
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Figure 5 Spray without and with shading/obstruction of the edges
3- Results for Droplet Size Analysis
If the transversal values of Fig.4 (y1,y2,y3) are weight averaged, the plume can be characterized by only
three values for the 3 axial distances from the nozzle (50, 150 and 250 mm). Figure 6 shows the influence
of varying measurement distance for the case of 5 nozzles. As expected, the droplet size increases with
increasing distance from the spraying point. This behaviour was noted by Refs. [30,36] and it is attributed
to droplet coalescence and the evaporation of smaller droplets. On average, a smaller increase in droplet
size is seen to occur when moving from 150 mm to 250 mm.
Figure 6 Influence of measuring distance on droplet size
The figure also shows the cases for which the droplet size diameter is restricted N1 (1) and when the
detectors are turned off N1 (2). No significant difference was noticed between the methods, and so the
latter was selected. The apparent decrease in diameter of N1 (1) when moving from 150 to 250 mm has to
do with the coalescing and bouncing phenomenon. Since evaporation has stopped in this region due to the
saturation of the air and extinction of small droplets, from 150 mm onwards the droplet size is governed
by the droplets braking, merging or bouncing that is a stochastic process. In the case of N1, it is possible
that the measurement taken at 250 mm was in a region where droplet merge was less dominant; hence the
distribution shows a slight decrease in droplet size. Initially, all droplets exit the nozzle at the same speed,
but as they travel away from the injection point their speed reduces due to a loss in momentum caused by
a reduced mass that is accompanied with a continuous air drag resistance. Hence, initial smaller droplets
slow down faster than larger droplets due to a lower initial momentum. The low-energy droplet impacts
that occur in the region away from the nozzle are responsible for droplet coalesce rather than bounce. This
phenomenon is responsible for the higher droplet sizes observed (with larger deviations) farther away
from the injection point.
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The measurement of all the particle sizes had a standard deviation of 2.3 µm at 50mm from the nozzle,
and 5.1µm and 5.3µm at 150 and 250 mm respectively. Considering the mean diameters of 31, 56 and 63
µm, the standard deviation (SD) at any one point is below 10% of the mean. This was considered
acceptable for the current set-up, in agreement with the ASME standard for fogging nozzles [32]. Results
of the mean values of all the nozzles at the three distances are presented in Figure 7 for pressures of 69
and 138 bar, with the corresponding error bands. The SD presented in the figure as a percentage, (7.5, 9.2,
and 8.5%) is applicable to the 138 bar case. It can be noted that doubling the pressure has a small effect
on the droplet diameter reduction as observed by Refs [30,37]. According to Ref. [37], impaction pin
nozzles have much less influence from injection pressure than pressure swirl nozzles. In the study, the
authors report a 20% reduction in diameter for a three-fold increase in injection pressure. For a similar
kind of nozzle at 138 bar and at 50 mm away from the nozzle, the study reports a mean diameter of 29.8
µm (2% smaller than the mean reported here, but still within the range of the SD). Chaker [30] reports a
smaller Dv90 of around 28µm but with an airspeed of 1 m/s. The SD for the 69 bar case for the three points
analysed here were 9.4, 9.5 and 6.5% respectively.
Figure 7 Droplet Diameter with distance for different injection pressure - mean values presented
The investigated effect of water temperature is shown in Figure 8. The figure indicates the minimal
influence of water temperature on droplet diameter, as also observed by Ref. [27,36]. These Dv90 and D32
measurements were taken at 150 mm from the nozzle, over a period of 10 minutes by spraying water as it
was gradually heated. The interest of this was to identify any favourable temperature that can bring about
a further reduction in the droplet sizes.
Figure 8 Influence of temperature on droplet size
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This first part served as a basis for understanding the droplet size distribution and behaviour for a single
nozzle before progressing to the case of a multi-nozzle arrangement that is necessary to achieve the required
water-to-air ratio. Other efforts made to arrive at the selected injection pressure and nozzle type are
indicated in Fig A1 of Appendix A. The figure shows the relationship between the nozzle type and injection
pressure. The requirement for smaller droplet formation allows for better intercooling inside the compressor
thereby reducing the temperature of the gas path of the engine. This relatively cooler operation reduces the
endothermic NOx emissions as explained by Block and Igie.[12]. Smaller droplets also reduce the risk of
blade impingement which could lead to surface erosion and a loss in the aerodynamic efficiency.
4- Gas Turbine Engine Testing
4.1 Experimental Set-up
The water injection rig along with the laser and a multi-nozzle manifold was then installed in front of a
single shaft gas turbine engine as shown in Figure 9. The figure depicts the engine intake (1), the laser
(2) and the spraying nozzles (3). Water was injected into the engine at varying water-to-air ratios (f) but
at a fixed injection pressure of 138 bar. The water quantity was controlled by the number of nozzles; 1
nozzle delivers water at 0.166% of the air mass flow, while 3, 6 and 12 nozzles amount to 0.5%, 1% and
2% respectively.
Figure 9 Photograph of the experimental set-up. Engine Intake (1), Laser (2), and Nozzles (3)
The Rolls Royce Artouste gas turbine engine was deployed to investigate the effects of compressor water
injection. This type of auxiliary power unit (APU) was used to provide compressed air to start the main
aircraft engines like the Rolls-Royce Conway – the first turbofan to enter into service- that powered some
versions of the Vickers VC10 and Boeing 707-420 [38]. The Artouste engine as described in Figure 10
consists of a single-stage centrifugal compressor (on the right-hand side of the figure), an annular
combustion chamber and a two-stage axial flow turbine that is directly coupled to the centrifugal
compressor on the same shaft. Some measured and calculated performance parameters of the “dry” engine
condition are presented in Table 1. This includes the total inlet air temperature (Tin) and pressure (Pin),
Compressor Discharge Temperature (CDT), Exhaust Gas Temperature (EGT), air mass flow, (mair), Fuel
Flow (FF) and Pressure Ratio (PR) for which the measurement stations are depicted on Figure 10. The
table shows on the left-hand side column the averaged performance parameters corresponding to the “dry”
tests, and on the right-hand side, the corresponding averaged and corrected values. The latter is the result













Figure 10 Gas Turbine Experimental Set-Up. Adapted from [40]
The temperature and pressure based corrections do not account for the relative humidity (60% used for
sea level stationary gas turbines). Igie et al.[41] devise an extended correction accounting for relative
humidity effects. This shows that the influence is very small for the range of temperatures investigated in
this study and hence can be neglected for the data correction. In this investigation, the engine is operating
without any load or driven equipment and hence there is no power requirement or demand. It is also
important to mention that the performance of this engine is unlikely to exactly match the manufacturer's
design specification even at the same ambient conditions and rotational speed. This is mainly due to
mechanical wear and tear and refurbishments over the years of service. As such, the reference conditions
applied here for water injection are corrected conditions before and after water injection is applied.






Tin (K) 303.3 288.0
P in (kPa) 100.6 101.3
CDT(K) 471.9 449.0
EGT(K) 795.3 756.0
FF (kg/s) 0.034 0.0332
n (RPM) 33096.0 32261.0
Ma (kg/s) 3.2 3.3
PR 3.4 3.4
Cw (kW) 172.6 164.2
Measured Dry
Emissions
NOx: 40.28 ppm CO:446.57 ppm
CO2: 3.23%
Fuel Type: Kerosene
This experimental gas turbine is equipped with five k-type thermocouples; two at the intake, two at the
compressor discharge and one at the turbine exit. The temperature measured by the thermocouples is the
mixture temperature, as there was no way to condense the extra water. Pressure transducers were used to
evaluate the static and total pressures at the same stations (the compressor inlet and bleed duct) using a















the gauge pressure. As such, the absolute pressure is calculated to obtain CDP. These readings were used
to calculate the parameters on the bottom columns of Tab. 1. The accuracy and errors of the instruments
are the same as for section 2.2. At the exit of the turbine, a Protea ProtIR 204M ® emission analyser was
installed as highlighted in Figure 10. This analyser is based on the Fourier Transform Infrared (FTIR)
technology for stack emission testing. It has a resolution for NO, NO2, CO and CO2 of 0.9, 0.3, 0.2 and <2
ppm respectively. As a reference comparison, ICAO [42] recommends resolutions better than 1 ppm for
NOx, 2 ppm for CO and 100 ppm for CO2, when measuring aircraft engine emissions. The emissions were
collected by means of a probe installed at the exit of the engine. A suction pump collects a sample of the
gas and mixes it in a dilution chamber prior to analysing the composition of the mixture. The analyser takes
six readings before giving an output and this whole process lasts for around 60 seconds. The user can track
this process and read each point measurement as well as track the history of each gas species. During the
tests, the engine was left with unchanged conditions for a period of time long enough for the readings to
stabilize, as the species of each gas changed when water was injected.
4.2 Water Droplet Measurements at the Engine Intake
The spraying nozzles were located 290 mm away from the compressor intake and the droplet diameter
readings were taken at a distance of 50 mm away from the nozzle. Due to the presence of the engine
bellmouth, the entrance of the compressor was inaccessible to the laser. As such, the water droplet
diameters were measured at the exit of the nozzle and the change in size from the measuring point to the
compressor inlet was estimated. Two approaches were selected to approximate the change in size from
the nozzle exit to the compressor inlet: an empirical [30] and an analytical method [8]. The work presented
by Ref [30] shows empirical correlations to predict droplet size change as a function of pressure,
measuring position, airflow or water mass flow. The correlation presented in Eq. 2 is derived from
experiments and depends on empirical parameters and a nozzle constant, k. The empirical constants were
set to µ=0.23, δ=0.14, π=0.16, ω=0.14, as recommended by Chaker [30]. A similar correlation for the D32
can be found in the referenced study. In the stand-alone nozzle test (section 3), and for the position of 50
mm at 138 bar and at a given mass flow, a droplet size was calculated using Equ.2. This value was
compared against the experimental readings taken at the same position. The difference between these two
values determines the nozzle constant, k. An average was then made between all the measurements and k
was chosen to be 491 for this type of nozzle. The correlations lead to errors mostly between 1.8 and 10%
(and in a few cases up to 20%) when comparing the predictions with the actual measurements. The same









When analysing droplet decay at still air and different air flow velocities, refs. [29,30,36] noticed that the
size stabilizes after 10-12 m/s and also after 100 mm of leaving the nozzle. This is due to the air being
saturated (no further evaporation) as well as the fact that the effect of coalescence and break up is
diminished after the primary breakup phase. When applying Eq. 2 to moving air at 12 m/s and 50 mm
away from the nozzle, a Dv90 of 30± 6 µm is obtained. This compares well with the measured readings
while the engine was running, which gave a Dv90 of 35±2 µm. The distribution obtained at the measuring
station also showed that 50% of the volume had droplets of 22±1µm or smaller (Dv50=22) and 10% of the
volume was distributed in droplets of 13±1 µm or smaller (Dv10). The stated distribution implies that 40%
of the volume is represented by large droplets of size between 22 and 35 µm, which are not expected to
fully evaporate in the compressor.
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The values obtained at the measuring point were set as boundary conditions and applied to Equ.2 to predict
the droplet size at the compressor inlet, 240 mm away from the measuring station. It was predicted that
the droplets would have a Dv90 of 36 ±7 µm and a D32=16 ±3µm. The droplet size was also estimated by
means of a physics-based evaporative method [8,43]. These methods assume that the droplets evaporate
until the air is saturated. Once saturation occurs (100% relative humidity) no further evaporation is
possible. The analytical model does not consider coalescence or breakup and predicted a droplet size of
27 µm based on mass transfer-driven evaporation only. It can be noted that since the analytical model does
not account for droplet coalescence, a lower droplet diameter is predicted. Details on the diameter
reduction of an isolated droplet based on mass diffusion theory can be found in Ref. [43].
When using the maximum number of nozzles (12) corresponding to a water-to-air ratio of 2%, the fogging
plume was too thick for the laser to achieve full penetration. Measurements were only possible for the
configurations with 1, 3 and 6 nozzles, corresponding to water-to-air ratios of 0.13, 0.5 and 1%. There
was a small increase in droplet diameter when using multiple nozzles attributed to the increased number
of collisions between the droplets, leading to higher droplet coalescence. This increase is already
accounted for in the size distribution discussed.
4.3 Engine Performance with water injection
The engine measurement data have been obtained simultaneously (including droplet size and exhaust
emissions) and continuously as shown in Figure 11 for each set of experiments. After the engine was
operated under dry conditions, different amounts of demineralised water were introduced ranging from
2% to 0.5% of water-to-air ratio. The engine was initially allowed to warm up for about 7 minutes before
introducing water; this is well within the start-up time recommended by the manufacturer that suggests 40
seconds. Since the engine pressures and temperatures were recorded in real-time, it was straightforward
to identify the stabilization of the readings before the water injection.
In reference to Figure 11, after minute 7, a quantity of water equivalent to 2% of the inlet-air-mass flow
was injected into the compressor. The figure shows the changes in the four parameters mentioned in Tab.
1, when the engine is injected with 2%, 1% and 0.5% of water. Figure 11 also shows the raw data
(fluctuating lines) and the time averages for each quantity. At each engine operating condition, around
700 individual readings for pressure and temperature were taken. The mean of these values (presented as
a continuous line superimposed on the raw data) and standard deviation (SD) were computed. The SD
seen for each set of readings was noticed to be below 1% of the mean. Further statistical analysis of the
raw data is presented in Appendix B.
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Figure 11 Raw and time-averages of CDT, EGT, PR and mass flow
Figure 11 shows a significant decrease in CDT and EGT immediately after the injection was initiated.
For 2% injection, this amounts to average values of 36 K and 29 K respectively. These reductions in
temperatures increase the air density which in turn increases the air mass flow rate (continuous line) and
pressure ratio (dashed line) indicated in Figure 11- Right. For the interpretation of the results, it is
important to indicate that the engine is operating at an approximately constant rotational speed; as a result,
the shaft torque will increase with air and fuel flow increases. Subsequent injection of water at reduced
injection rates shows similar benefits but at a lower magnitude of change. It is important to note that a
reduction of injection rate by half does amount to almost half the benefit of performance improvement.
For example, the drop in corrected CDT of 2%, 1% and 0.5% are: 36 K, 19 K and 10 K. That of the rise
in corrected mass flows is 3.1%, 2.8% and 1.5% respectively, with the reference dry condition being that
prior to the injection of water for each case.
Only the key investigation of 2% injection rate was conducted with the most number of runs – 7
experimental cases - as indicated in Table 2. The values are computed from averaging each reading during
the time that water was injected, and comparing this with its corresponding “dry” value. The table shows
the changes in performance parameters, inclusive of the specific compressor work for all the experimental
runs. The corrected compressor work reduces as shown in Tab. 2 and the calculation is explained
subsequently. Also presented are the mean values of the readings and their standard deviation. Considering
that the thermocouples and pressure transducers can give measurement errors of 0.75% and 0.5%
respectively, the variation seen between each experiment is acceptable.
Table 2 Changes in Engine Parameters with 2% water injection ratio
CDT/θ (K) EGT/θ (K) ma√θ/δ (%) PR (%) Wc/θ (%) 
Exp 1 -32.0 -33.7 3.9% 2.9% -10.0%
Exp 2 -32.0 -37.7 3.0% 2.2% -8.5%
Exp 3 -38.3 -33.1 2.8% 2.5% -10.3%
Exp 4 -33.0 -37.2 3.0% 1.9% -8.1%
Exp 5 -34.6 -23.9 3.0% 2.4% -9.4%
Exp 6 -35.5 -28.8 2.9% 2.0% -9.7%
Exp 7 -32.6 -26.8 2.8% 2.2% -11.4%
Mean -34.0 -31.6 3.0% 2.3% -9.6%
SD +/- 2.2 4.9 0.3% 0.3% 1.0%
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The specific calculated compressor work (Wc) presented on Tab.2 and subsequent figures are the
comparison between the “wet” and “dry” specific compression work. These two are calculated in a
different way and arise from different assumptions. When water is injected, the pressure ratio will increase,
along with the mass flow. The wet compression work thus has to be compared to the dry compression
work but at the new pressure ratio (and mass flow for compressor power). To do this, the compressor inlet,
outlet temperatures and pressure ratio are used to calculate the polytropic efficiency of the compressor.
Then, assuming the efficiency stays constant, the dry work is re-calculated at the “wet” pressure ratio but
assuming “dry” compression. This value is then corrected to account for inlet temperature variations by
using the dimensionless factor, θ (Eq.1).
The wet compression work is calculated by adding the enthalpy changes of water vapour, dry air and liquid
water as seen on Eq. 3.
( ̇ ℎ  +  ̇ ℎ )  +  ̇  ℎ   +    = ( ̇ ℎ  +  ̇ ℎ )  +  ̇  ℎ   (3)
The wet compression work (Wc) is then defined by,
   =    (   −   ) +   (      + ℎ  ) −   (      + ℎ  ) +         −         (4)
Where subscript 1 and 2 denote the entry and exit of the compressor respectively. T is the measured total
gas temperature, w, the entry and exit water vapour content (specific humidity) of air, f, the liquid water-
to-air ratio. CPa,v,f are the specific heat capacities of air, water vapour and liquid water, taken constant and
equal to 1005, 1820, and 4180 kJ/kg. The entry conditions of liquid water and water vapour are known
and can be measured at the intake; however, the exit humidity of the air and the amount of unevaporated
water cannot be measured. This is estimated by measuring the compressor exit temperature and calculating
the amount of water that would need to evaporate to cause that decrease in temperature. Taking the
thermodynamic model presented in Refs [8,44], the following equation can be derived to calculate the
amount of evaporated water; which, by mass conservation, will be equal to the increase in specific













(   −   ) (5)
Where PR is the pressure ratio (P2/P1), TR the temperature ratio (T2/T1), γ, the specific heat ratio, Ra, the
gas constant of air, hfg the heat of vaporization of water, and npoly is a constant related to the polytropic
compressor efficiency ηpoly [32],
      =
      
       −   − 1
(6)
Equations 5 and 6 are derived from an energy balance across the compressor and removing the adiabatic
condition. Instead of assuming an adiabatic process, it is assumed that there is a heat transfer term, which
equates to the latent heat of evaporation that is absorbed by the water. The reader is referred to ref.
[8,44,45] for further details on the derivations of these equations. An estimation of the unevaporated water
is then obtained using Eq. 5. The water vapour and liquid water fractions are then used in Eq.4 to calculate
the wet compression work.
Figure 12 shows the same engine parameters as Tab.2 but this time for different water-to-air ratios (0.5 -
2%). The figure also includes the error bands for the cases with the highest amount of experiments (1,
2%), derived from the standard deviation of the samples. The case for 0.5% does not include graphical
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error bands as the sample size was smaller (3 experiments). As stated above, 7 experiments were done for
the largest amount of ingested water (2 %) and 5 experiments were conducted for the case with 1 %. The
mean percentage change of each parameter is displayed for extra clarity. All the values presented have
been corrected to ISA conditions and were taken at a frequency of 1 Hz. The presented values are
representative of over 7,000 data points taken at each operating condition (See Appendix B for more
information). The bleed air from the compressor was always kept the same.
Figure 12 Engine parameter changes with water injection at different water-to-air-ratios (0.5-2%)
As expected, higher water injection ratios cause higher temperature reductions resulting from the increased
amount of water in use, hence the corresponding corrected mass flow rise shown in Figure 12. The
corrected fuel flow also increases with the amount of injected water, though at a higher magnitude. As
such, this increase in the fuel-to-air ratio could bring about a rise in the combustor exit temperature that is
not directly measured. However, this is not the case since the evaporation of water is still expected to take
place in this combustor due to the relatively low operating temperature and pressure of the compressor.
This increase in fuel-to-air ratio observed is consistent with other findings of combustor water injection
previously discussed. However, this is not the case for 0.5% injection ratio where the least amount of
water is used, suggesting a predominant effect of compressor intercooling (less water reaches the
combustion chamber). This is evident by the fact that the compressor specific work reduction is high for
the low water-to-air ratios compared to what is achieved when the amount of water is doubled from 0.5%
to 1%. The amount of water exiting the compressor can also be estimated using Equ. 5 and the measured
CDT. It is important to reiterate that the performance benefits of compressor intercooling are also
prevalent at the high injection rates and signified by the drop in CDT and specific work of the compressor
in these cases. The compressor work shows large uncertainties compared to the CDT, mass flow and PR.
This arises from the fact that the compressor work is dependent on two measurable properties: the
temperature and pressure. In addition, the calculation of evaporated water (from Eq.5), needed for
estimating the wet compression work adds to the uncertainty.
For the cases of increased corrected fuel flow, more torque is expected to be produced at the turbine.
Higher actual turbine work, in turn, increases the compressor power that is indicated by the rise in pressure
ratio. Nevertheless, the compressor does less specific work (in comparison to the increased mass flow)
due to the increase in density resulting from intercooling. The standard deviation seen for the EGT was
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larger than that seen for the CDT, mainly because the EGT was measured at only one position, while the
former was measured in two locations and averaged. It is expected that the temperature distribution at the
exit of the engine will not be uniform and so an improvement to these conditions would be to measure at
circumferential and radial positions across the exit of the engine as recommended in Ref. [20].
The behaviour of the engine is linked to the way in which it is operated. Previous studies [12], considered
the modelling of a turbofan engine under compressor water injection. In the analysis, the constraint was
the thrust which was kept constant when injecting water. For this operation, the engine rotational speed
and compressor specific work would reduce. The thermodynamic efficiency of the engine improves as a
result of the reduced required fuel flow for the same useful work output (net thrust). An increase in the
fuel-to-air ratio is applicable to both combustor and compressor water injection but with augmented power
output or thrust. Studies on the latter show an increase of up to 20% in the useful work [46–48].
4.4 Emissions with water injection
The changes in NOx and CO emissions as a percentage of the dry (ppmv) value are presented in Figure
13. The figure indicates that as more water is injected, the NOx emissions reduce further; and this is
attributed to more cooling of the engine. The highest reduction of 25% occurred at 2% water-to-air ratio
is a case for which more water entered the combustor, as such, the CO emissions increased by about 41%.
From the indicated droplet distribution previously discussed, more than 40% of the injected water volume
was measured to have droplets between 22 and 35µm. These droplets are not expected to fully evaporate
in the compressor and thus will reach the combustor. The unevaporated water attempts to quench the flame
and brings about a reduction in combustion efficiency; a phenomenon experienced when injecting water
directly in the combustor [49,50]. The magnitude of these changes decreases with reduced water-to-air
ratios. In this study, the TIT is not measured but expected to drop slightly (based on the inference from
the decreases in NOx) and the power output is increased, as signified by the increase in PR and fuel-to-air
ratio cases.
Figure 13 NOx and CO changes with water injection at 0.5, 1 and 2%
Other studies as discussed in the Introduction have obtained greater reductions in NOx emissions. This is
mainly a result of the operating temperature and pressures of these larger engines. With respect to
compressor water injection, the larger engine compressors are more favourable, operating with a CDT that
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is about twice the value recorded here and with at least 10 times the PR. It is rarely the case that there would
be significant unevaporated water reaching the combustors with these same droplet sizes or injection
conditions. For the combustor, large civil aircraft reach peak combustor temperatures of about 1,800 K,
leading to greater NOx production. However, these operating temperatures present more beneficial
conditions for water injection. A 2-spool turbofan with a take-off PR of 30.5 has a NOx Emission Index of
33 gNOx/kg of fuel. During idle, at low power settings, this value drops to 4.5 g/kg due to the low operating
temperatures and pressures [51]. The engine considered here has a “dry” emission index of 2.9 g/ kg; as
such it already produces considerably less NOx at baseline than what would be noted on a large engine.
5- Conclusions
This work has examined an impaction pin nozzle spray characteristics at different injection pressure and
water temperature, alongside the impacts of injecting generated droplets into the compressor, as well as
further ingestion into the combustor to reduce NOx. The first part of the study shows smaller droplets
generated when the higher injection pressure is used. This effect is seen to change axially and transversely,
away from the nozzle. The influence of water temperature ranging from 288 K to 325 K is seen to have
no influence on the droplet size generated.
For the engine tests, the highest water pressure was selected (138 bar) and the nozzles were installed at
the engine’s intake. The droplet size at the exit of the injection nozzle was measured and the droplet size
at the engine intake was estimated at 37µm (Dv90) based on correlations. This study shows that injecting
2% of water by mass flow had the following effects on engine performance:
• Reduces the CDT by up to 34K (7%) and EGT by up to 29K (4%).
• Increases pressure ratio and mass flow by up to 2.3 and 3% respectively.
• Increases the fuel-to-air ratio by 2.2% that is associated with the 40% rise in CO.
• NOx reduces by 25%.
The amount of NOx reduction at high water-to-air ratios are attributed to a dominant combustor effect,
while that of the least amount of water used is mainly based on the compressor effects. In all cases, the
compressor specific work and CDT reduces, and the pressure ratio rises, owing to the benefit of
compressor water injection on the performance. As shown in analytical studies of compressor water
injection, reducing the droplet sizes further will bring about an improvement in the stated parameters.
The present work can serve as a validation case for future numerical simulations on this engine type while
serving as evidence of emissions reduction potentials for larger engines. Experimental studies are required,
especially in the area of the modern turbofan engines with axial flow compressors, where water injection
appears to be more favourable. The small size of the engine investigated causes continuous evaporation
from the compressor through to the combustor, that is not likely to occur for larger engines at these water-
to-air ratios. The utmost reductions of NOx for compressor only cooling are expected to be when the same
required thrust or power is achieved (rather than augmentation), that will bring about a reduction of the
fuel utilised.
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Nomenclature
APU Auxiliary Power Unit ηpoly Polytropic efficiency
ASME





CC Combustion Chamber ISA International Standard Atmosphere
CDT Compressor Discharge Temperature K Nozzle characteristic constant
CO Carbon Monoxide µ correction factor- mass flow
CO2 Carbon Dioxide ma Air Mass Flow
Cp Specific heat (J/ kg K) mw water mass flow
D Distance from the nozzle NOx Nitrogen Oxides
δ correction factor- distance npoly polytropic coefficient
δ Pressure Correction factor P/Pisa π correction factor- pressure
D32/
SMD 
Sauter Mean Diameter P Pressure
Dv 10 Droplet diameter: 10% of the volume ppm Parts Per Million (Volume)
Dv 50 Droplet diameter: 50% of the volume PR Pressure Ratio
Dv 90 Droplet diameter: 90% of the volume Pw Water Pressure
EGT Exit Gas Temperature θ Temperature correction factor T/Tisa
EI Emission Index Ra Specific gas constant of air 287 J/kg K
f injection ratio, % RPM Revolutions Per Minute
FF Fuel Flow SD Standard Deviation
FS Flat Spray T Temperature
FTIR Fourier Transform Infrared TIT Turbine Inlet Temperature
γ Air specific heat ratio, 1.4 TR Temperature Ratio
h Specific enthalpy (J/kg) Va Air Velocity
HC Hydro Carbons WAR Water-To-Air Ratio
hfg Heat of vaporization of water 2500 kJ/kg ω correction factor- air velocity
HC Hollow Cone w specific humidity
IP Injection Pin wc Compressor Specific Work
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Appendix A- Nozzle Selection
Figure A1 shows the behaviour of the four types of nozzles investigated here when subjected to increasing
pressure. The Flat Spray (FS) nozzles are rated at low pressures and can produce droplets in the range of
100 – 450 micron at the highest tested pressure of 90 bar. The hollow cone nozzles (HC), despite having
different spraying angles, all had very similar droplet diameters throughout the pressure range investigated.
The droplet sizes were also too large for the required application. The Impaction pin (IP) and Swirl Jet
Nozzles (SJ) produced the smallest diameters of all, and operate at higher pressure ranges. An IP nozzle
was selected over the SJ as they are capable of delivering the higher flow-rate required to meet the targeted
2% water-to-air ratio.
23
Figure A 1 Behaviour of droplet size (Dv90) for 11 different nozzles at increasing pressure.
Appendix B- Statistical significance of the data
Droplet measurement:
The values reported on the main text for droplet size are time-averages of the readings taken from the
laser. The laser software has a function that allows the user to select a time range, in our case being 1- 2
minutes (60- 120 readings), and to get a time-averaged size of the droplet distribution for that range. Figure
B1 shows the droplet diameter with time for the case when the water was applied to moving flow (engine
intake). It can be seen that despite the fact that the readings were taken for 2 minutes, the droplet size
values are quite stable. This was the case for most of the reported values on the main text.
Figure B 1 Droplet Size Distribution with time
Engine Performance Monitoring
The values presented on Figs 10, 11 and Tab.2 are the result of time-averaging each performance
parameter, and comparing it to its corresponding dry case. For example, the “dry” CDT was monitored
for 8 minutes, and about 480 readings were taken. Water was then injected and the CDT was monitored
for another 8 minutes. The average and standard deviation of each sample, for each performance parameter
were recorded. Then, a normal probability distribution curve was fitted to the results following Eq. B1.
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Where σ is the standard deviation, x is each individual temperature (or pressure) reading, and µ is the








The probabilistic distribution for the CDT when water was injected at a ratio of 2% is shown in Fig, B2-
Left. In this case, the mean of the 480 readings was 436.11 K and the Standard deviation 0.467 K (0.11%).
For this case, and all the others observed, even if a confidence level of 2 standard deviations (2σ) is taken
(95.4% confidence), the mean won’t change significantly since the SD is so low.
Figure B 2 Normal distribution of the means of CDT (2%) (Left, and Air mass flow (dry)(Right)
Figure B2-Right shows a similar distribution but this time for the air mass flow (dry) and comparing 5
experiments. Each Gaussian curve represents one case. It can be noted that the mean values of each curve
are very close together. The distance between these means can be evaluated by the Standard Deviation
between the experiments. A similar SD is presented in Tab.2 comparing the changes in performance with
water injection for different experiments, against their corresponding dry value. Figure B2- Left represents
the case for 2%, and it can be plotted alongside the cases for 1%, 0.5% and dry as seen in Figure B3. The
temperature is seen to reduce with increasing injection ratio, but also it is also perceivable how close the
distributions are from the mean. This all is an indicator that the averaged values used for the analysis are
representative of the conditions of the gas inside the engine, and the experiments have good repeatability.
Figure B 3 Normal distribution of CDT for the case of dry, and 0.5-2% injection ratio
